During the last 25 to 30 yr, micromodels have been increasingly used to study the behavior of fl uids inside microstructures in various research areas. Studies have included chemical, biological, and physical applica ons. Micromodels have proven to be a valuable tool by enabling us to observe the fl ow of fl uids and transport of solutes within the pore space. They have helped to increase our insight into fl ow and transport phenomena on both micro-and macro-scales. In this review, we have considered only the applica on of micromodels in the study of two-phase fl ow in porous media. Various methods exist for genera ng pa erns used in micromodels. These include perfectly regular pa erns, par ally regular pa erns, fractal pa erns, and irregular pa erns. Various fabrica on methods and materials are used in making micromodels, each with its own advantages and disadvantages. The major fabrica on methods include: Hele-Shaw; glass beads; op cal lithography; wet, dry, and laser or plasma etching; stereo lithography, and so lithography. The distribu on of phases in micromodels can be visualized using (confocal) microscopes, digital cameras, or their combina on. Micromodels have been applied to the study of twophase displacement processes, measurements of fl uid-fl uid interfacial area and phase satura on, measurements of rela ve permeability, and the study of enhanced oil recovery.
Micromodels are commonly used to inves gate and visualize small-scale physical, chemical, and biological processes. One of the earliest micromodels was developed and used by Chatenever and Calhoun (1952) for investigating microscale mechanisms of fl uid behavior in porous media. Since then, micromodels have been used to study many processes and applications involving two-phase fl ow. Examples include the capillary fi ngering eff ect, the percolation dimension (van der Marck and Glas, 1997) , the fractal dimension Zarcone, 1985a, 1985b; Lenormand, 1989a Lenormand, , 1989b Lenormand et al., 1988) , fl uid fl ow through a nanometer-scale channel (Cheng and Giordano, 2002) , and the labyrinth patterns in confi ned granular-fl uid systems (Sandnes et al., 2007) .
Strictly speaking, no clear defi nition of a micromodel in terms of two-phase fl ow in porous media has been articulated. A micromodel is an idealized, usually two-dimensional representation of a porous medium-a network of connected pores, measuring in the (tens of) microns, through which fl uids fl ow and solutes spread. Moreover, visual observation of the fl ow of fl uids and the movement of colloids or solutes should be possible in a micromodel. Accordingly, a micromodel is typically made of a transparent material that enables visual observation, such as glass or quartz, but it could also be polymeric. Th e requirement of small pores (<1 mm) is essential for two-phase fl ow studies because the capillary eff ects will be otherwise irrelevant. Th e overall size of a micromodel is typically on the centimeter scale. Th ere must also be an inlet and an outlet area for the introduction and removal of the wetting and nonwetting phases. In summary, a micromodel, as defi ned here, is an artifi cial representation of a porous medium made of a transparent material. Th is fl uidic device bears a fl ow network, with features on the microscale, and an overall size of up to a few centimeters.
Most micromodels have been considered as two-dimensional porous media; however, examples of three-dimensional micromodels can be found in the works of Montemagno and Gray (1995) and Avraam and Payatakes (1999) . Th e diff erence between two-dimensional and three-dimensional micromodels relates to the limitations of the visualization setup. In principle, optical methods cannot be used for visualization throughout the depth of the model.
We present an overview of micromodels used in studying two-phase fl ow and transport in porous media and describe methods for generating the network of pores, as well as the In this ar cle, methods for genera ng networks of pores are described, as well as the means for manufacturing a micro-model. Various visualizaon setups are presented along with their advantages and limita ons. The major applica ons of micro-models in two-phase flow, along with the necessary experimental parameters are also presented.
Perfectly Regular Models
In perfectly regular models, all pores have the same geometryfor instance, a square or rectangular cross-section throughout the entire domain. Th e pore depth and width and the distance between pores are constant throughout the whole network. Of course, some small variations may exist resulting from the manufacturing process. Examples of perfectly regular micromodels are those by Corapcioglu et al. (1997) used to visualize and quantify solute transport in porous media (see Fig. 1 ) and by Chen and Wilkinson (1985) used to examine viscous fi ngering.
Par ally Regular Models
In partially regular micromodels, pore bodies and pore throats form a regular lattice and have the same cross-sectional shape; however, the pores' dimensions are variable. Pore sizes are chosen from a statistical distribution and may be correlated or uncorrelated. Th is pore size distribution determines the permeability of the network, as demonstrated by Tsakiroglou and Avraam (2002) (Fig. 2) , Sbragaglia et al. (2007) , and Chen and Wilkinson (1985) .
Fractal Pa erns
In some micromodels developed during the last few decades, the representation of the porous medium is based on fractals. Th e fractal patterns can be spatially correlated or not. A fractal micromodel may appear to have a completely irregular pattern, but actually it does not. Examples of such fractal patterns in natural rocks or fl ow networks in micromodels can be found in the works of Cheng et al. (2004) , shown in Fig. 3 , Nolte and Pyrak-Nolte (1991) , Nolte et al. (1989) , and Pyrak- Nolte et al. (1988) . Flow networks that are generated in this way follow the rules of percolation theory. For fl ow to occur, its porosity has to be at least 50% for a correlated network and 60% for an uncorrelated network. If the porosity is lower than these limits, there is no connected path across the micromodel.
Irregular Pa erns
For this category of networks, the main feature of the pattern and its geometry is a lack of spatial correlation. Pores are randomly placed in the network while their sizes are chosen from a single statistical distribution (see Sandnes et al., 2007; Fig. 4) . Th e use of Delaunay triangulation for generating the pattern can reproduce patterns that have properties that correspond well to real porous media, as shown by Heiba et al. (1992) and Blunt and King (1991) . Delaunay triangulation requires that the connections between network nodes not intersect and that the triangular pattern of connections be as equilateral as possible. Fig. 3 . Examples of micromodels with fractal patterns: spatially uncorrelated (left ) and correlated (right) (Cheng et al., 2004) . (Corapcioglu et al., 1997) .
Fabrica on of Micromodels
Here we investigate the various techniques used in the fabrication of a micromodel. As mentioned above, the material that can be used to make a micromodel should be transparent. In this way, direct optical visualization of the fl ow and the distribution of fl uids in the fl ow network is possible. Such materials are glass, quartz, polymethylmethacrylate (PMMA), and polydimethylsiloxane (PDMS). Another material that can be used is silicon. Below, we briefl y describe the features and potential limitations of each material. Th e fabrication procedure needs to be accurate and effi cient. New fabrication techniques have been introduced as micromodels have been increasingly used to study the behavior of fl uids on a very small scale. For the sake of brevity, not all methods of fabrication are reported here but only those that are widely used. Chuoke et al. (1959) conducted one of the fi rst studies of twophase fl ow with a Hele-Shaw micromodel. Th eir work presented theoretical and experimental evidence for the existence of macroscopic instabilities in the displacement of a fl uid by another immiscible fl uid through a uniform porous medium. Hele-Shaw models are very simple in principle. Th ey are made of two parallel transparent plates, with the fl ow taking place in the gap between them. Th e fl ow between two parallel plates is mathematically analogous to the fl ow through pores. Th is model is called a glass-bead model when glass or quartz beads or spheres are inserted between the two plates. Th e very fi rst micromodel made by Alfred Chatenever and John C. Calhoun in 1952 at the University of Oklahoma is an example of a glass-bead model. Th e micromodel of Chatenever and Calhoun (1952) consisted of an observation cell, as they called it, which was a single layer of glass spheres sandwiched between two fl at plates. Th ey found that using two or more layers made it diffi cult, given the available means of visualization, to distinguish one phase from another. Th e observation of fl ow phenomena was extremely complicated. Th ey used diff erent fl ow cells, one of which is shown in Fig. 5 .
Hele-Shaw and Glass-Bead Models
Th is micromodel was comprised of a Lucite base, a compression cover, an observation window, and a gasket. A glass plate was Fig. 5 . Sketch of Type C cell by Chatenever and Calhoun (1952) . All dimensions are in inches. Fig. 4 . Example of an irregular pattern micromodel (Sandnes et al., 2007). www.VadoseZoneJournal.org molded into the Lucite base in a press to make an all-glass matrix composed of a glass top, glass spheres, and a glass base. Th e observation window was, in fact, the top cover of the cell. Th e spheres that were packed inside the cell formed a single-layered, rhombic, pore network pattern.
In Hele-Shaw and glass-bead micromodels, fl uids are introduced into the model through a hole in the center of one plate (Sandnes et al., 2007) or at the ends of the parallel plates (Corapcioglu et al., 1997; Corapcioglu and Fedirchuk, 1999; Tóth et al., 2007; Lovoll et al., 2005 Lovoll et al., , 2010 Tallakstad et al., 2009) . Figure 6 shows the side view of a glass-bead micromodel of Corapcioglu and Fedirchuk (1999) .
In principle, Hele-Shaw and glass-bead micromodels are easy to make. Th e use of optical microscopy poses a problem, however. Th e three-dimensional nature of the model makes it diffi cult, or sometimes impossible, to visualize the distribution of fl uids under the level of the largest bead diameter. As such, much information cannot be recorded when optical means are used.
Op cal Lithography
Developed during the last few decades, optical lithography (also called photo-lithography) has been used when a specifi c fl ow network has already been designed with preferred parameters, like mean pore size, number of pores, geometry of pores, etc., and its features are very small in size. Such models cannot be created from the combination of materials, as done in Hele-Shaw or glass-bead models. It can be used to make models that carry any fl ow network and has a wide application for irregular or fractal patterns. Optical lithography models are also relatively inexpensive to produce.
Th e principles of optical lithography were introduced in the early 1980s (Thompson et al., 1983 (Thompson et al., , 1994 . This method has been described in detail in the literature (see, e.g., Cheng et al., 2004; Giordano and Cheng, 2001) . First, the desired pattern for the micromodel is produced digitally, based on a statistical distribution, with or without a spatial correlation for the pores. Th e desired fl ow network is then printed on a transparent material. Th e transparent material with the network printed on it is called a mask. Th ere are two ways of using the mask. For relatively small networks, the network printed on the mask is the magnifi ed image of the desired network. For large or deep networks, the network printed on the mask has the exact dimensions as the desired network. Usually for deep networks, the negative of the network is printed on the mask.
In this case, a Cu-covered glass plate is used as a mask. Th e network is printed by removing the Cu layer from the mask. When the depth of the fl ow network is relatively low, the mask is a normal transparency and the network is printed as it is on the mask.
Optical lithography consists of the following general steps: (i) photoresist application on a glass substrate; (ii) soft bake; (iii) mask aligner setup; (iv) exposure; (v) development; and (vi) hard bake. Th e network is commonly formed in a polymeric material called photoresist. Th e glass substrate has to be made perfectly clean. Aft er that, a thin layer of photoresist, usually SU-8, is applied to it and the substrate is spun. Th e type of photoresist and the duration of spinning determine the fi nal thickness of the photoresist layer, which is, in practice, the fi nal depth of the network. Th en the substrate is soft baked to harden the photoresist.
Th e creation of the network on this layer of photoresist is the second step of the procedure. Th e mask is projected on the photoresist using ultraviolet (UV) light in a mask aligner. If the network has very small features, a transparency that carries a magnifi ed image of the network can be used. Th is transparency is projected on the photoresist through an objective lens to bring the image back to the original size. In this way, the resolution of the projected image is improved. Th e area of the photoresist that is exposed to UV light reacts with developing agents. Next, the exposed area of the photoresist is washed away and what is left forms the fl ow network. When the network is deep, negative projection is used. In that case, the developed area is that which was not exposed to the UV light. Th e choice of development depends on the depth of the network and the type of photoresist that has been used.
Th e inlet and outlet areas are developed in the same way. For this, there is no need for a magnifi ed mask and projection because the dimensions of these areas are large enough and details do not matter. Th e mask has the actual dimensions of these areas. Inlet and outlet areas should be strengthened to withstand the pressure imposed during the experiments. For this reason, pillars made of photoresist are added within inlet and outlet areas. Th eir dimensions are on the order of hundreds of micrometers. An example of a micromodel constructed following the optical lithography method is the one by Cheng and Giordano (2002) shown in Fig. 7 .
A second glass plate is used as a covering plate to complete the fabrication of the micromodel. Two holes are drilled on this glass plate for the inlet and outlet of the model. Th e micromodel is sealed with a thin layer of photoresist on the upper glass plate. Th is layer acts like a glue and bonds the glass plate to the photoresist with the application of mechanical pressure. Th is layer also ensures that the micromodel pore walls are made of one material-namely, the photoresist only-avoiding mixed wettability in the model. Th e optical lithography method is relatively inexpensive and easy to implement. Th ese two characteristics make it quite attractive. (Corapcioglu and Fedirchuk, 1999) .
Problems arise, however, in making and using this kind of micromodel. Signifi cant diffi culty in sealing the model can occur when some features of the fl ow network are very small. Th is happens because there is not enough surface for the bonding between the thin layer of photoresist that is used as glue and the photoresist from the fl ow network that is in a solid state.
Another major problem emerges from the photosensitive nature of photoresist. Even aft er baking, exposure to light with a wavelength close to the violet or UV spectrum causes the photoresist to produce N 2 . Th e N 2 bubbles, also called pockets, grow in size, breaking the solid photoresist and gradually destroying the network. We reproduced this eff ect in the laboratory and the results are shown in Fig. 8 . On the left , a photoresist micromodel fi lled with water can be seen on the fi rst day of its use, and on the right, the same micromodel is shown aft er 3 d of exposure to light. Th e model has been signifi cantly damaged by the production of N 2 . One solution to this problem is to replace all lights in the laboratory where a photoresist micromodel is being used with lights that have a spectral emission >550 nm. Th is will ensure that there is no interaction between the photoresist and the light. Also, the wavelength of observation lighting should be away from the violet region. Another solution is to use fi lters that cut off all wavelengths <550 nm. In practice, both solutions are eff ective but both require extra expense. In particular, the high-quality optical fi lters necessary to eliminate the undesired wavelengths can be very expensive.
Etching Method
Th e fi rst etched micromodel was constructed by Mattax and Kyte in 1961 (Fig. 9) . Th e fabrication technique is based on chemical reactions and the interaction of laser and plasma radiation with glass, silicon, or polymer (Zhang et al., , 2011a (Zhang et al., , 2011b Baouab et al., 2007; Gutiérrez et al., 2008; Soudmand-asli et al., 2007; Weidman and Joshi, 1993; Corapcioglu, 2003, 2005; Baumann et al., 2002; Lanning and Ford, 2002; McKellar and Wardlaw, 1982) . First, the desired pattern for the micromodel is produced with one of the methods mentioned above. Th e mask is prepared in one of the ways explained for optical lithography, depending on the size and the depth of the desired network; the mask can be made to be the positive or the negative image of the network. Th e desired pattern is projected onto a glass substrate that has already been covered with a layer of photoresist, as in photo-lithography, but in this case the network is formed in the glass substrate and not in the photoresist. Th e resolution of the mask strongly aff ects the outcome of the etching process. Th e thickness of the photoresist will determine the depth of the desired fl ow network aft er the development of the network with the use of solvents. Aft er the pattern is developed and exposed, the network is created using an etching method. Currently, there are two etching methods.
Chemical or Wet Etching
In chemical or wet etching, acids are used as etchants to etch the glass or silicon surface (Wegner and Christie, 1983; Johnston, 1962; Sagar and Castanier, 1998; Coskuner, 1997; Avraam et al., 1994; Sirivithayapakorn and Keller, 2003; Lago et al., 2002; McKellar and Wardlaw, 1982; Hornbrook et al., 1991; Upadhyaya, 2001; Jeong et al., 2000; Wan et al., 1996) . Th e area covered by photoresist remains unaff ected by the acid. Th e depth of penetration depends on the etching rate of the acid (i.e., the penetration length with time) and the time of exposure to the etchant. Alternatively, Cu can be used instead of the photoresist in lithography process. Th e Cu then can be removed with the use of chemicals.
Th e wet etching process in an acidic bath, apart from the photolithographic step, may be broken down into three basic steps: (i) diff usion of the etchant to the surface for removal; (ii) reaction between the etchant and the material being removed; and (iii) diffusion of the reaction byproducts from the reacted surface. Wet etching is a very popular way of making micromodels; however, this method has some limitations One shortcoming is that the pore walls are sloped rather than vertical. Also, there is a curvature at the bottom of pores. Th is happens because liquid acids are isotropic and thus erode glass in all directions. Figure 10 (from Iliescu et al., 2008) shows in black the microchannels formed by the wet-etching technique on a glass substrate. Th e curvature at the bottom of the walls and the optical setup used to take the pictures create refraction, leaving no light to reach the camera's sensor. Th is eff ect hinders studying two-phase fl ow, especially if the optical visualization of fl uids and their confi guration in the network are important. One remedy would be to diff use the illumination and increase the intensity of the light. Another eff ective solution is to use front-light illumination instead of back-light illumination. In this case, a strong contrast between the sample and the background is needed.
Plasma or Laser Etching
Electromagnetic radiation provides another way to etch glass or other transparent polymeric materials like PMMA or silicon. Th e radiation can be supplied from a laser source or from a beam of ions. Th e latter method is called ion milling when using a noblegas plasma (Durandet et al., 1990; Kolari et al., 2008) . Th e most popular noble gas for this purpose is Ar + . Using an ion gun, ions bombard the uncovered area and, by transfer of momentum, begin removing atoms from the glass surface.
Th e reactive-ion etching process, apart from the photo-lithographic step, can be broken down into the following steps: (i) etchant species (radicals or ions) generation; (ii) reaction or momentum transfer with the surface; (iii) byproduct desorption; and (iv) diff usion of the byproduct to bulk gas.
Instead of ion milling, excimer (Basov et al., 1970) laser can be used to create the pattern on the glass substrate (Arnold et al., 1995) . Th e technique is called LIGA (Lithographie, Galvanoformung, Abformung) and was introduced by Ehrfeld et al. (1987 Ehrfeld et al. ( , 1994 Ehrfeld et al. ( , 1996 . Th e network pattern is directly formed on the substrate and the whole procedure is computer controlled.
Both procedures are very anisotropic, which means that the sloping eff ect at the walls is diminished; however, control of the whole procedure is not easy. Th is procedure is usually reserved for very narrow and shallow channels. Aft er the pattern has been created on the glass substrate, the inlet and outlet reservoirs are produced with wet-etching techniques. A second glass plate, in which two holes are drilled for the input and output, is used to cover the micromodel.
Th e sealing of the micromodel can be done in two ways, both of which are common for both wet-and dry-etched micromodels. One way is the use of a muffl e furnace or high-temperature oven (Avraam et al., 1994) . Th is method is used mostly for micromodels that are multilayered. Th e other method involves placing a thin layer of polymer (a few nanometers thick) between the two glass plates and baking in a UV oven (Tsakiroglou and Avraam, 2002) . Heating the model and simultaneously applying a light pressure HF solution using an amorphous Si mask with a value of 100 MPa (from Iliescu et al., 2008) . Th e curved walls produce diff raction and the optical result is black.
will have the desired eff ect for glass-glass bonding. Silicon and glass bonding can be achieved by gentle heating (∼400°C) while applying an electric field across the silicon-glass sandwich to ensure good contact via the associated electrostatic force. Th is method is known as fi eld-assisted or anodic bonding (Giordano and Cheng, 2001) . Anodic bonding will work only for moderate operating pressures of a few hundred kilopascals within the micromodel. Other methods should be used if larger pressure must be applied (Hollman and Little, 1981; Little, 1982) .
Dry-etching methods produce nearly vertical walls (82-90°). Th e deep reactive-ion etching (DRIE) method, which is a plasmaetching method, also produces nearly vertical walls (88-90°) with a very low surface roughness. Th e DRIE method can give good results for ratios between the depth and the width of an etched channel even greater than 20:1. Th ere is still a maximum achievable aspect ratio between the depth and the width of the channel, however, that depends on the material, the beam profi le, etc. (Blauw et al., 2001; Yeom et al., 2003; Willingham et al., 2008) .
Figure 11 (Ohara et al., 2010) shows that where the ratio between the depth and the width of the channels is from 6.6:1 to 1:2, the walls are vertical and the roughness of the bottom of the channels is low.
When the channels are deep and very narrow, it becomes diffi cult to get vertical walls and keep the roughness at the bottom of the channel low. Figure 12 (Yeom et al., 2005) shows that as the ratio of the depth to the width of the channels becomes larger, the quality of the channels becomes lower. Th e surface roughness increases and we don't get a rectangular shape at the bottom. Although such Fig. 12 . Scanning electron micrograph images of silicon trenches etched by the inductively coupled plasma-deep reductive-ion etching process for 3 h (Yeom et al., 2005) . Th ese are from four diff erent initial pattern area densities: (a) 80% microloading (explained in Hedlund et al., 1994) with 25-μm line spacing, (b) 50% microloading with 50-μm line spacing, (c) 30% microloading with 100-μm line spacing, and (d) 10% microloading with 200-μm line spacing. Fig. 11 . Mask openings and the channels produced with the dry etching method; channel widths are 1.5 to 2.5 μm (left ) and 20 μm (right) (Ohara et al., 2010) .
www.VadoseZoneJournal.org channels are not common to two-phase fl ow in porous media, they are presented here as an extreme example of reactive-ion etching.
Th e reactive-ion etching method is a complicated and diffi cult procedure and many things can go wrong. Etching itself is a subject of ongoing research. Given our current knowledge, however, etching remains one of the best ways to make good-quality micromodels. Especially when optical microscopy with back-light illumination is used, etching is perhaps the best alternative. In particular, the stability of glass with respect to its chemical and physical properties is highly appreciated.
Stereo Lithography
Stereo lithography is a computer-based manufacturing process that was developed by Hull (1986) . As described by Melchels et al. (2010) , it is a solid, free-form fabrication technique. Stereo lithography is an additive fabrication process that allows the fabrication of parts using a computer-aided design (CAD) fi le. Th e manufacturing of three-dimensional objects by stereo lithography is based on the spatially controlled solidifi cation of a liquid resin by photo-polymerization. Th e setup consists of a computer-controlled laser beam or digital light projector, a computer-driven building stage with a platform, and a resin reservoir. Th e platform is initially placed just below the resin surface, according to the desired depth of the resin layer. Th e computer guides the laser beam to follow a path and illuminate a desired pattern on the resin surface. As a result of this, the resin in the pattern is solidifi ed to a prespecifi ed depth, causing it to adhere to the support platform. Aft er photopolymerization of the fi rst layer, the platform is lowered incrementally, allowing the built layer to be recoated with liquid resin. Each time, the pattern is cured (i.e., solidifi ed) to form another layer. As the depth of curing is slightly larger than the platform step height, good adherence to the fi rst layer is ensured (i.e., unreacted functional groups on the solidifi ed structure in the fi rst layer polymerize with the illuminated resin in the second layer). Th ese steps (i.e., the movement of the platform and the curing of a pattern in a layer of resin) are repeated until a solid, three-dimensional object of the desired height is constructed. Aft er draining and washing off excess resin, the desired structure is obtained. In this structure, the conversion of reactive groups is usually incomplete, and postcuring with (stroboscopic) UV light is oft en used to improve the mechanical properties of the structures. In Fig. 13 , a schematic presentation of the process is presented.
To summarize, the stereo lithography fabrication method consists of the following steps: (i) laser beam formation of the desired pattern on the resin surface; (ii) photo-polymerization; (iii) incremental lowering of the platform; (iv) following of the previous steps; and (v) cleaning excess resin from the structure as soon as construction is fi nished.
Stereo lithography is an eff ective way to make micromodels when the dimensions of the structure are not very small (larger than micrometers). Parts from a larger assembly (not micromodels but general structures) can be manufactured in 1 d and with great effi ciency. Th e complexity of a fl ow network or a part of an assembly is not an issue. On the other hand, this procedure is quite expensive. Stereolithographic micromodels have been used in studying fl ow (Crandall et al., 2008 (Crandall et al., , 2009 Stoner et al., 2005; de Zélicourt et al., 2005) . Th ey have been less popular, however, for very small dimensions (micrometer scale) because of the spatial resolution of the process.
So Lithography
Soft lithography refers to methods for making structures using "soft " materials like elastomeric stamps, molds, and photo-masks (Quake and Scherer, 2000; Rogers and Nuzzo, 2005; Wang et al., 2005 Wang et al., , 2008 Shor et al., 2004) . It is mostly reserved for creating very small, simple geometric structures on the micro-and nanometer scales (Hug et al., 2003; Huh et al., 2007; Park et al., 2009 ). Variations of the soft lithography method include micro-contact printing (μCP) (Xia and Whitesides, 1998; Fig. 14) , replica molding (REM) (Senn et al., 2010) , micro-transfer molding (μTM) (Xia and Whitesides, 1998) , micro-molding in capillaries (MIMIC) (Kim et al., 1996) , and solvent-assisted micro-molding (SAMIM) (King et al., 1997) . Th ese methods are particularly suitable for creating micrometer-scale structures, the scale of interest in two-phase fl ow, where soft lithography is most accurate.
One of the most widely used materials in soft lithography is PDMS, which is an elastomeric material. It is a liquid that is polymerized aft er mixing with a curing agent. Th e procedure for manufacturing a PDMS micromodel was explained in detail in Quake and Scherer (2000) , Auset and Keller (2004) , and Markov et al. (2010) . Usually, it consists of the following steps: (i) the network of micromodel channels is created digitally and printed on a transparency, which is used as a mask in the next step; (ii) a silicon or glass wafer is spin-coated with photoresist (positive or negative depending on the desired depth) to create a patterned silicon or glass wafer (called a master) by using photo-lithography; (iii) the master wafer is put in a petri dish and a mixture of liquid PDMS and curing agent is prepared, which is then poured over the master wafer in the petri dish; (iv) the polymer is Fig. 13 . Schematic presentation of a bottom-up stereo-lithography system with scanning laser (Melchels et al., 2010). degassed under vacuum and then cured; (v) aft er curing, the polymer is peeled from the master; and (vi) the PDMS slab with the desired network is placed on a pre-cured thin slab of PDMS to close the network and exposed to ion plasma so that bonding can take place.
Soft lithography is widely used in two-phase fl ow studies. It is a method that produces detailed micromodels without severe production restrictions. One problem does arise, however. Because they are polymeric materials, their wetting properties may change with time. For instance, PDMS is initially hydrophobic, although not strongly. In the making of an all-PDMS micromodel, the two parts of the model are bonded with O 2 plasma. Th e treated PDMS becomes hydrophilic but the eff ect is not stable; it degrades with time and the PDMS eventually recovers its hydrophobicity. Th is eff ect starts almost immediately aft er exposure, and it continues for hours, or even days, until the material reaches its initial condition (Murakami et al., 1998; Fritz and Owen, 1995) . Th us, if hydrophilic behavior is needed, the micromodel must be used directly aft er its plasma treatment.
An alternative treatment is to force the PDMS surface to have specifi c wetting properties and become purely hydrophobic. Th is can be done with the application of a mixture of silane with ethanol (Zhou et al., 2010) .
Another consideration is that the phases involved in the experiments should not make the material swollen or deformed. Gervais et al. (2006) studied the fl ow-induced deformation of PDMS models and provided a dimensionless number as a simple means of assessing whether deformation should be considered. Th is dimensionless number depends on the pressure drop along the network, the network's height and width, as well as the entry pressure of the features of the network. Depending on the value of this dimensionless number, deformation can be considered as important or not.
In Table 1 , the fabrication methods along with their main advantages and disadvantages and major references are presented. (Xia and Whitesides, 1998 Kim et al. (1996 Kim et al. ( , 1997 
Micromodel Materials
Glass and quartz are materials that are widely used in micromodels, especially in Hele-Shaw and glass-bead micromodels. It is relatively easy to fi nd well-polished glass or quartz plates or glass beads with a given diameter at a high accuracy. While the construction of glass-bead micromodels is relatively easy, the creation of a fl ow network in glass or quartz plates is quite involved. If the fl ow network has to meet some stringent requirements, however, such as vertical walls, stable wettability properties, or mechanical and chemical stability, then glass or quartz is the material of choice. Th is creates some problems, given their physical properties.
Glass micromodels are relatively cheap to make using the chemical etching method. Th is cannot be done in a regular laboratory environment, however, because of the use of acids. Th is should be done in a well-controlled environment, like a clean room. When ion etching is used, it is impossible to make them in a regular laboratory. Th e whole procedure requires a specialized infrastructure, takes a lot of time, and is very expensive. Moreover, to date, there is an upper limit of about 20 to 30 μm on the maximum etched depth that can be reached with the channels still having a rectangular cross-section. Additionally, there is a high probability that the whole procedure can fail in the last step of manufacturing, which is sealing the model. Th is is especially diffi cult if the features of the fl ow network are very small, not providing enough surface for bonding. Finally, given the cost in time and money, very careful handling is required with glass micromodels because they can break easily.
On the other hand, glass micromodels are stiff and rigid, and if the depth of the fl ow network is kept small (up to 20 μm) the whole manufacturing procedure can be well controlled. Th is provides very high quality micromodels that are practically insensitive to room temperature changes, have very well-defi ned wetting properties, can withstand pressures up to a few hundred kilopascals, and hardly react with fl uids that are commonly used in two-phase fl ow studies.
Soft materials, like PMMA and PDMS, are suitable for making inexpensive micromodels fast. Polymethylmethacrylate, which is harder than PDMS, is an acrylic thermoplastic material, which is a good substitute for glass. It is not as rigid and stiff as glass, thus it is easier to treat. It can be etched with laser radiation, with the use of ions, or chemically. Polydimethylsiloxane micromodels are very cheap to produce and can be made in a normal laboratory; however, a master wafer is needed on which the fl ow network is formed, which has to be prepared in a clean room. Th is wafer then can be used to prepare from 10 to 15 micromodels in a normal laboratory.
While soft materials have the advantage of being very cheap and relatively easy to make and do not require a special laboratory (as in the case of PDMS), there are some limiting issues. Th ey react or absorb fl uids and chemicals that are commonly used in twophase fl ow studies. Th is results in a deformation (swelling) of the material, which changes the properties of the fl ow network. For PDMS, there are some well-known mixed wettability issues and property changes with time. Special treatment may help, but it is not always eff ective. Th ese materials can deform under moderate pressures (less than 100 kPa), resulting in breaking the model in the case of PMMA or destroying the bonding in the case of PDMS.
Silicon micromodels can be made in the same way as glass ones. Because of the diff erent physical properties of the materials, tuning parameters should be properly adjusted, but the processes remain the same. Th ey have severe limitations, however, if they are to be used for two-phase fl ow studies. A major problem is that silicon is translucent and therefore a wholly silicone-made micromodel cannot be used for direct optical visualization. Th ey are usually sealed with glass or another transparent material. Th is means that the fl uids involved will experience the presence of two diff erent materials, with two diff erent wetting properties. Th is is usually not desirable in two-phase fl ow studies. On the other hand, silicon micromodels provide the same advantages as a glass micromodel.
Micromodel Visualiza on Methods

Basic Issues
Since their inception, a challenge in using micromodels has been the ability to monitor fl uid confi guration, fl uid fl ow, and various features inside the micromodel. Th e choice of the visualization method is essential to the outcome of any experiment. In a twophase fl ow experiment, the average saturation and specifi c interfacial area are two of the main variables of interest. Th e measurement of these variables is based on the study of pictures or videos. Given the dimensions of the pattern in a micromodel, the demands on resolution and color depth are quite strict. Moreover, in the case of dynamic experiments, where the fl uid distributions need to be recorded as a function of time, a high image acquisition rate from the visualization setup is also required.
Chatenever and Calhoun (1952) used cine-photo-micrography in their experiment. Th e apparatus consisted of a microscope and its accessories (lenses, mounts, etc.), a 16-mm movie camera, a beam splitter, an arc illuminator, and an exposure meter. Th ey obtained images of fl uid distribution during an oil-fl ood experiment (Fig. 15) .
Th e methods used to monitor two-phase fl ow, statically or dynamically, may be classifi ed in four groups. Th ese are methods making use of a microscope alone or along with a camera, the photo-luminescent volumetric method, and fl uorescent microscopy.
A Microscope-Camera Visualiza on Setup
Th is monitoring setup is quite simple. Th e micromodel is put under the objective lens of a microscope. Th e camera is mounted on the ocular of the microscope (Rangel-German and Kovscek, 2006; Keller et al., 1997; Corapcioglu et al., 2009; Vayenas et al., 2002; Paulsen et al., 1998) . Th e camera is connected to a computer to allow rapid data acquisition that can be stored in the computer. Images are processed and analyzed with appropriate soft ware. From such an analysis, average saturation and specifi c interfacial area can be determined (Cheng, 2002; Pyrak-Nolte et al., 2008; Cheng et al., 2004; Chen et al., 2007) . Figure 16 shows images obtained through this visualization method.
Th is technique is used when there is a need for a very high resolution-for example, when the smallest pore sizes are 1 to 2 μm or variables such as the interfacial area need to be determined. Th is technique is not applicable when the micromodel is elongated and dynamic eff ects are being studied. Th e reason is that the optical window of a microscope is limited in size, meaning that while the microscope is focused on a specifi c area of the micromodel, there is no way to record what is going on in an area that is outside the optical window. A solution is to move the micromodel or the ocular of the microscope rapidly, but this would introduce unknown inertial forces in the micromodel or poor image quality because the camera should be focused at all times, which would be diffi cult. For quasistatic conditions, this technique is quite appropriate.
Direct Visualiza on with a Camera
Th is method is somewhat similar to the setup described above. Th e diff erence is that no microscope is used and the camera captures images directly (Soll et al., 1993; Chang et al., 2009a Chang et al., , 2009b Fig. 16 . Images taken from a micromodel's fl ow network taken with a Qimaging Retiga EX camera through an Olympus microscope from a pattern with an aperture of 2 μm (left ) and with 1-μm aperture (right) (Pyrak- Nolte et al., 2008) . Th e size of the domain is 600 by 600 μm. Fig. 15 . Photomicrographs taken by Chatenever and Calhoun (1952) during an oil-fl ood experiment using uniform spheres with a 0.1778-mm (0.007-inch) radius: a portion of the channel fl ow structure established in an observation fl ow cell (left ) and magnifi cation of a part of the image showing the fl uids confi guration and the fi nal pendular rings formed during the oil fl ood (right). Conrad et al., 1992; Hematpour et al., 2011) . Th us the camera can be placed at diff erent orientations with respect to the micromodel. Th e camera can be situated at a distance from the micromodel to exclude any vibrations aff ecting the system. Th e camera may also have an extra objective lens to increase the magnifi cation of the system. High-resolution digital cameras with sophisticated charge coupled device (CCD) and complementary metal-oxide semiconductor (CMOS) sensors allowed the elimination of the microscope. Figure 17 shows images of an acrylic micromodel taken with a camera at a resolution of 640 by 480 in a red, green, blue (RGB) format (Chang et al., 2009a) . Th e micromodel shown on the right was treated to have a thin fi lm of silicate coating on the acrylic surface. Th e eff ect of this treatment on micromodel wettability is quite visible. Aft er heating in an oven at 110°C, the silicate coating changed the wetting characteristics of the micromodel from hydrophobic (left ) to hydrophilic (right).
Generally, cameras without a microscope are used to analyze and measure when magnifi cation of the image is not necessary and the needs for resolution are not stringent. Th e use of a microscope provides better resolution but less fl exibility. Currently, cameras built for monitoring micro-phenomena have a satisfying frame rate for photographs and video, as well as good resolution and color depth. Also, powerful soft ware provides easy handling and analysis of the data acquired. Cameras have the advantage of moving without disturbing the micromodel. Th is off ers the ability to monitor dynamic or static eff ects where the movement of the camera could be necessary. More than one camera can also be used to monitor diff erent parts of a micromodel simultaneously. Th is cannot be done when using a microscope-camera setup. Montemagno and Gray (1995) introduced the photoluminescent volumetric imaging (PVI) method. To construct their porous medium, they used optical-quality quartz grains. Th ey used two immiscible fl uids, with their refractive indices matched to quartz (Budwig, 1994) . The wetting phase was doped with propertyselective fl uorophores that preferentially partitioned onto the fl uidfl uid interface. Th e system was surveyed with a planar laser source at successive planes. Th e laser beam excited the fl uorophores and thereby illuminated the fl uid-fl uid interfaces. A CCD camera was used to capture the fl uorescent image (Fig. 18) . Aft er processing of these images, a three-dimensional data set was generated showing the pore space as well as the location of the fl uid-fl uid interfaces.
Photoluminescent Volumetric ImagingConfocal Microscopy
Th e experimental setup consisted of an Ar-ion laser source emitting at 514.5 nm, a beam expander, a cylindrical lens, the sample cell, a spectral fi lter, the imaging optics, and a CCD camera. Th e Ar-ion laser source emitted a laser beam with a diameter of 1.5 mm. Th e beam expander increased the beam's diameter to 25 mm, and the cylindrical lens transformed the beam from cylindrical to planar. Th e beam's thickness was 125 μm and had a width of 15 mm in the sample cell. When the fl uorophores in the sample cell were excited, they emitted a light with a diff erent wavelength from that of the excitation source. Th is light passed through a spectral fi lter, which cut off any unwanted wavelengths, and, with the proper optics, was directed to the CCD camera. Aft er an exposure of approximately 100 ms, the CCD system digitized the image and transferred it to a computer. Th e resolution gained was better than 1 μm across volumes even greater than 125 mm 3 .
As a continuation of the work of Montemagno and Gray, Zang (1998) studied the application of PVI in multiphase dynamics in porous media. Later, Stöhr et al. (2003) used this method to perform three-dimensional measurements of single-phase fl ow and transport at the pore scale. Th is method was the fi rst highresolution index-matching technique to visualize the fl ow of two immiscible liquids at the same time.
One application of fluorescent microscopy is micro-particle imaging velocimetry (μ-PIV), a technique used to investigate Fig. 17 . Photographs taken with a camera (Chang et al., 2009a) : a channel from a micromodel (left ) and the same channel aft er treatment to become hydrophilic (right). Diesel fuel is shown in red and the water is blue. Fig. 18 . Th e experimental setup for photoluminescent volumetric imaging (Montemagno and Gray, 1995) .
micrometer-scale fl uidic transport and mixing (Shinohara et al., 2004a; Perrin et al., 2005; Fernández Rivas et al., 2008) . Micro-PIV has been used to study pressure-driven fl ow (Meinhart et al., 1999; Tretheway and Meinhart, 2002; Devasenathipathy et al., 2003; Sato et al., 2003; Shinohara et al., 2004b) , electro-osmotic fl ow (Devasenathipathy et al., 2002) , and the fl uid dynamics of blood capillaries in vivo (Sugii et al., 2002) and in vitro (Sugii and Okamoto, 2004; Okuda et al., 2003) .
Micro-PIV is based on the particle imaging velocimetry method, where micrometer-size particles are used as markers in fl uid fl ow to measure instantaneous velocity fi elds in experimental fl uid mechanics (Keane and Andrian, 1992) . Th ese particles should match well the properties of the fl uid under consideration; they should follow the movement of the fl uid, should not aff ect its properties (such as viscosity), and should not sink. Lindken et al. (2009) presented a review of μ-PIV including recent developments, applications, and guidelines. Wereley and Meinhart (2005) gave a detailed description of the technique in theory and practice. Figure 19 shows a schematic description of a typical μ-PIV hardware implementation.
Th e imaging principle is fl uorescent microscopy. Th e laser source, which can be pulsed or continuous wave, emits light that is guided to a lens that converts the light beam to a planar one. Light passing through the micromodel excites the fl uorescent particles, and when they get de-excited, they emit light at a higher wavelength. Th e fi lter allows only light emitted from the fl uorescent particles to reach the camera's sensor. To increase the effi ciency of the technique, the objective of the microscope is put into immersion oil.
In this way, two-dimensional images can be obtained. Threedimensional images can be constructed if fl uorescent microscopy is combined with confocal microscopy. From these images, the change in the position of an individual particle can be measured.
Because the time interval between two sequential images is known, the whole velocity fi eld can be computed. If the particles are property selective, the fl ow velocity of individual phases can be measured using diff erent particles for diff erent phases.
Confocal microscopy is another technique based on the same eff ect (laser-induced fl uorescence) but is applied diff erently. It is a point-bypoint imaging method. Confocal microscopy creates sharp images of specimens that would otherwise appear blurred when viewed with a conventional microscope. It also allows the construction of a threedimensional image of the specimen by superposing two-dimensional images obtained at sequential layers. Marvin Minsky patented confocal microscopy in 1957 (Minsky, 1988) . Semwogerere and Weeks (2005) presented the basic concepts of confocal microscopy.
Figure 20 provides a schematic of confocal microscopy (Semwogerere and Weeks, 2005) . Light from a monochromatic light source (usually a laser) is refl ected from a dichroic mirror and projected onto the specimen through an objective lens. Th e sample is either dyed with fl uorescent dyes or contains fl uorescent particles. Th ese particles Fig. 20 . Th e basic setup for confocal microscopy (Semwogerere and Weeks, 2005) . Fig. 19 . Schematic description of a typical micro-photoluminescent volumetric imaging hardware implementation (Wereley and Meinhart, 2005) .
absorb the light from the light source and emit light when they get de-excited at a wavelength that is higher than the absorbed light. Th is emitted light passes through the dichroic mirror while the light from the light source is refl ected back to the source. Two fi lters are used to ensure that only light that is along the optical axis will be used. Th us, the sample is visualized point by point in two dimensions.
Confocal microscopy is ideal for eff ects that are relatively slow and where the smallest feature that needs to be visualized is less than the optical diff raction limit-precisely where conventional optical microscopy fails to give results (Lindek et al., 1996; Hell et al., 1994; Baumann and Werth, 2004; Baumann et al., 2002; Baumann, 2007; Sirivithayapakorn and Keller, 2003; Keller and Auset, 2007; Baumann and Niessner, 2006; Wilson, 1994a, 1994b) . Grate et al. (2010) discussed the visualization of wetting fi lm structures and a nonwetting immiscible fl uid in a pore network micromodel using a solvatochromic dye.
In Table 2 , the visualization methods along with their limitations and applicability are presented.
Applica ons of Micromodels in Studies of Flow and Transport in Porous Media
Studies of Two-Phase Displacement Processes
The majority of the applications of micromodels in studies of fl ow and transport in porous media are related to the immiscible displacement of two fl uid phases (Avraam et al., 1994; Baouab et al., 2007; Dawe et al., 2010 Dawe et al., , 2011 Budwig, 1994; Chatenever and Calhoun, 1952; Chen and Wilkinson, 1985; Chuoke et al., 1959; Corapcioglu et al., 2009; Coskuner, 1997; Cottin et al., 2011; Crandall et al., 2009; de Zélicourt et al., 2005; Tóth et al., 2007; Tsakiroglou and Avraam, 2002; van der Marck and Glas, 1997; Wan et al., 1996; Chang et al., 2009a Chang et al., , 2009b Berejnov et al., 2008; Tsakiroglou et al., 2003a Tsakiroglou et al., , 2003b Tsakiroglou et al., , 2007 . Processes of drainage and imbibition, as well as the mechanisms that dominate them, like viscous or capillary fi ngering, snap-off , etc., have been studied using micromodels (Zhang et al., 2011a (Zhang et al., , 2011b Ferer et al., 2004; Grate et al., 2010; Gutiérrez et al., 2008; Hug et al., 2003; Huh et al., 2007; Corapcioglu, 2003, 2005; Jeong et al., 2000; Lovoll et al., 2005; Mattax and Kyte, 1961; Montemagno and Gray, 1995; Pyrak-Nolte et al., 1988; Rangel-German and Kovscek, 2006; Stöhr et al., 2003; Sugii and Okamoto, 2004; Tallakstad et al., 2009; Zarcone, 1985a, 1985b; Lenormand, 1989a Lenormand, , 1989b Lenormand et al., 1988; Sharma et al., 2011; Romano et al., 2011; Frette et al., 1997) .
One of the fi rst studies of two-phase fl ow under quasi-static conditions and the relevant displacement mechanisms was presented in the work of Lenormand et al. (1983) . Th ey used a transparent polyester resin micromodel (Bonnet and Lenormand, 1977) , with the channels in the form of a network of capillary ducts. Th ey observed the displacement of the meniscus formed by the two phases under diff erent conditions, like piston-type motion and snap-off . Th ey determined that two types of imbibition can occur depending on the number and spacing of the ducts fi lled with the nonwetting phase. Later on, Chang et al. (2009b) conducted displacement experiments following Lenormand's assumptions. Th ey provided valuable experimental support and suggestions for Lenormand's displacement formulas, which are the basis for many related experimental and numerical studies. Lovoll et al. (2010) used a glass-bead micromodel to study the infl uence of viscous fi ngering on dynamic saturation-pressure curves. Th ey obtained a scaling relation between pressure, saturation, system size, and the capillary number. Dong and Chatzis (2010) studied the movement of a wetting fi lm in a liquid-gas system. Th ey used a consolidated glass-bead micromodel. Th ey found that the capillary pressure controls the wetting fi lm imbibition ahead of the main displacement front. Cottin et al. (2010) studied the transition from capillary to viscous fl ow during drainage and its dependence on the capillary number. Th ey used two kinds of micromodels. One was manufactured using standard soft -lithography techniques and the other was manufactured with wet-etching techniques. Th eir experiments shed light on the role of viscous forces during the invasion process and their competition with the capillary force. At very low applied capillary number, the invading liquid fl owed through one single channel at the time and built a very open structure. At larger capillary number, the role of viscous forces increased.
Measurements of Interfacial Area and Phase Satura on
An important application of micromodels has been in the measurement of two-phase fl ow properties that cannot be determined with standard experiments. A major example is the quantifi cation of the area of interfaces formed between phases, in particular the fl uid-fl uid interface. Th e signifi cance of fl uid-fl uid interfaces in two-phase fl ow was recognized as early as 1951. Rapoport and Leas (1951) elucidated the role of interfaces and interfacial energies in controlling the simultaneous fl ow of two fl uids in a porous medium. Later on, theoretical studies proposed that a complete description of two-phase fl ow in a porous medium should take into account the evolution and dynamics of fl uid-fl uid interfaces (see, e.g., Marle, 1981 Marle, , 1982 Hassanizadeh and Gray, 1990 , 1993a , 1993b . A major obstacle to making advances in this regard is our ability to measure the specifi c interfacial area. Micromodels have made possible the experimental investigation of the role of interfaces (Crandall et al., 2010; Pyrak-Nolte et al., 2008) .
Recently, two-phase fl ow studies were performed using photoresist micromodels that had fl ow patterns based on stratifi ed percolation (Cheng, 2002; Pyrak-Nolte et al., 2008; Cheng et al., 2004; Chen et al., 2007) . In these studies, distributions of the two phases in the fl ow network during quasi-static drainage and imbibition were visualized. Phase saturation and interfacial area could be determined using image processing, and the relationships among phase saturation, capillary pressure, and interfacial area were investigated. It was found that for each set of capillary pressure and saturation data points, a single value for the specifi c interfacial area exists (see Fig. 21 ). More importantly, the surfaces produced by the graphical representation of these triplets were nearly the same for drainage and imbibition, within the limits of experimental error (Chen et al., 2007; Cheng, 2002; Cheng et al., 2004; Liu et al., 2011) . Later, dynamic drainage and imbibition displacement experiments were performed (Bottero, 2009; Crandall et al., 2010) . Under these conditions, unlike qualitative experiments, capillary pressure within the network is no longer equal to the externally applied pressure. Th erefore, the local capillary pressure was determined from the curvature of each individual interface.
In these visualizations, interfaces are seen as a line and there is no information on the third dimension. If the depth of the model is assumed to be constant, the area of interfaces can be calculated. Th e depth of a photoresist model, however, is not really constant. Th e photoresist layer where the fl ow network lies is produced by spin-coating. Because centrifugal forces depend on the distance from the origin, the depth of the model is not the same everywhere. Th is discrepancy can be negligible, however, in small micromodels.
Th e curvature of an interface in the third direction cannot be determined by optical means. If images are acquired in grayscale and a very high resolution, the curvature may be estimated by means of processing the change in the gray shade of the interface.
If only the quasi-static case is examined, fl uorescent microscopy could present an alternative to optical means to obtain threedimensional images. In this case, the model should be very small in size (a few pores), given that the fi eld of view is limited. Under dynamic conditions, conventional optical microscopy is the best way to deal with the situation. Any other method requires time for image acquisition. During this time, the distribution of phases in the fl ow network changes in a way that makes the images acquired useless.
Measurements of Rela ve Permeability
Th e eff ective two-phase fl ow coeffi cients of porous media, such as the capillary pressure and relative permeability functions, bridge the gap between the microscopic fl ow dynamics and the macroscopic behavior of porous media fl ow (Kalaydjian, 1990; Avraam and Payatakes, 1999; Chang et al., 2009a; Rapoport and Leas, 1951; Tsakiroglou et al., 2005 Tsakiroglou et al., , 2003a Tsakiroglou et al., , 2007 Wang et al., 2006) . Th us determining relative permeability of each phase as a function of saturation under a wide range of experimental conditions is important (Chang et al., 2009a) . Tsakiroglou et al. (2003a) used micromodels to study the infl uence of the capillary number on nonequilibrium immiscible displacement in two-phase fl ow experiments. Th ey showed that the relative permeabilities of the two phases not only are a function of saturation but also strongly depend on capillary numbers (Fig. 22) . Tsakiroglou et al. (2003a) performed their measurements with a glass-etched micromodel, initially totally fi lled with the wetting phase (distilled water with methylene blue). Th e nonwetting phase (paraffi n oil) was then injected into the network at a fi xed fl ow rate with the use of a syringe pump. With the use of a CCD camera, successive shots of the displacement were captured from a central region of the network. Th e pressure drop along this central Fig. 21 . Graphical representation of the phase saturation, capillary pressure, and interfacial area per volume (IAV) triplets (in red) during drainage experiments (Cheng et al., 2004) .
region of the network with respect to time was measured with a diff erential pressure transducer. Th is procedure allowed the determination of the saturation and relative permeability of each phase as a function of time.
Alternatively, Chang et al. (2009a) calculated relative permeability by keeping a constant pressure head diff erence between the wetting and the nonwetting phases. For drainage, the nonwetting phase was introduced into a micromodel that was already fully saturated with the wetting phase, while the wetting phase fl ow rate was measured. Th is was continued until steady state was reached. Images from the micromodel were taken with the use of a CCD camera.
Th e main issue that needs to be addressed in such measurements is the accuracy in determining phase pressures or in measuring phase saturation. Phase saturation measurement depends on the resolution of the visualization setup and can usually be quantifi ed. Phase pressure, however, is very diffi cult to measure. Especially in complex fl ow networks with very small dimensions, it is practically impossible to measure local pressure within the micromodel. Postprocessing is necessary to retrieve and calculate the average value for a given spatial domain.
Enhanced Oil Recovery
Micromodels have also been used to study oil recovery from underground reservoirs in the presence of gas and water phases (Keller et al., 1997) . Buckley (1990) reviewed the application of micromodels in multiphase fl ow and enhanced oil recovery. Enhanced oil recovery relies on the displacement of oil by another liquid or gas toward a well where the oil is collected (Liu, 2006) . Th e most common techniques involve the injection of gases and chemicals, such as polymers and foams. Th e success of these techniques depends on the physical properties of each phase, the viscosity ratios, capillary number, temperature, reservoir conditions, and fl ow dynamics. Th ese factors have been studied in a number of micromodels (Amani et al., 2010; Armstrong and Wildenschild, 2012; Dong et al., 2007; Hematpour et al., 2011; Nguyen et al., 2002; Nourani et al., 2007; Sagar and Castanier, 1998; Soudmand-asli et al., 2007; Wyckoff and Botset, 1936; Zekri and El-Mehaideb, 2002; Mahers and Dawe, 1985; Wardlaw, 1980; Bora et al., 1997; Nguyen et al., 2002; Lago et al., 2002; Hornbrook et al., 1991; Romero et al., 2002; Sohrabi et al., 2001 Sohrabi et al., , 2004 Feng et al., 2004; van Dijke et al., 2002; Liu et al., 2002; Liu, 2006; Oren et al., 1992; Sayegh and Fisher, 2008; Doorwar and Mohanty, 2011; Wang et al., 2006; Naderi and Babadagli, 2011) . Dong et al. (2007) used a micromodel to investigate the displacement mechanisms of alkaline fl ooding in enhanced heavy oil recovery (EOR). Th ey observed that two mechanisms govern the EOR process. One was in situ water-in-oil (W/O) emulsion and partial wettability alteration; the other was the formation of an oil-inwater (O/W) emulsion. Heavy oil was emulsifi ed in brine by an alkaline plus a very dilute surfactant formula, entrained in the water phase, and produced out of the model. Th e upper left image in Fig. 23 shows the micromodel containing heavy oil and irreducible water at the end of oil injection. Th e upper right section is an image of pore-level oil and water distribution. Th is image shows water fi lms surrounding the solid boundaries and the continuous oil phase staying in the central portion of pores and throats of Fig. 22 . Estimated relative permeability-saturation curves for diff erent capillary numbers (Ca) (Tsakiroglou et al., 2003a) . Fig. 23 . Micromodel with heavy oil and irreducible water saturation: portions of the micromodel (left ) and pore-level images of the formation of a water-oil emulsion in alkaline injection (right) (Dong et al., 2007) .
the pore network. Th e image also shows that the micromodel is water wet. Th e lower part of Fig. 23 shows the micromodel network with an injection of a chemical slug. In this alkaline injection, the injected water phase penetrated into the residual oil phase and created some discontinuous water ganglia inside the oil channels to form a W/O emulsion. Th e viscosity of the W/O emulsion was much higher than that of the crude oil. Th erefore, the oil was displaced in the form of a W/O emulsion with little fi ngering eff ect. Some oil also touched the pore walls, indicating that the pore wall became partially oil wet. Th e wettability alteration also aided in blocking the water fl ow in those channels. Nourani et al. (2007) used a glass micromodel to simulate a fractured system and the microbial-enhanced oil recovery (MEOR) technique Fogler, 2001, 2002; Soudmand-asli et al., 2007; Armstrong and Wildenschild, 2010; Amani et al., 2010; Zekri and El-Mehaideb, 2002) . Th is method is based on the reduction of interfacial tension and the change in the wettability of rock with the aid of bacteria to make the displacement of oil easier. In their work, Nourani et al. (2007) took fi ve bacterial species from crude oil originating from one of the aging Persian fractured reservoirs. Th ese microorganisms are very good at increasing oil recovery in the two ways mentioned above. Two series of visualization experiments were performed to examine the behavior of MEOR in micromodels designed to resemble the fractured system: static and dynamic. In the static experiments, a carbonate rock-glass micromodel was used to simulate the reservoir conditions. Th e dynamic experiments were performed in a glass micromodel that had a fracture with a 45° inclination. Th e image processing methodology was used to determine the recovery achieved by MEOR in the micromodel made of glass.
Summary and Discussion
Th is review of micromodels presented the most important concepts behind choosing a fl ow network in a micromodel, the diff erent manufacturing techniques of micromodels, the available visualization methods, and the various applications of micromodels.
Th e fl ow networks used in micromodels can be classifi ed based on the model structure and the statistical distribution of sizes assigned to its features. Th e pattern chosen, the size distribution of its features, and the experimental purpose determine the choice of the micromodel's fabrication method. Wet-etching techniques that are isotropic create a curvature on the walls of the micromodel. If optical microscopy with back-light illumination is used, this curvature on the walls may cause severe problems. It causes refraction, and the images at the bottoms of channels are shown in black. A possible, but not entirely eff ective, solution is to use a light diff user. While dry-etching techniques, like plasma etching, provide vertical walls, they are not that effi cient when the micromodel becomes deep. It is very diffi cult to reach depths ≥50 μm without damaging the profi le of the channel or the verticality of the walls.
An inexpensive and eff ective way of making micromodels is optical lithography. It is accurate and precise; however, it has a major drawback. If the photoresist, inside which micromodel channels are made, is exposed to UV or near-UV light, then it produces N 2 that will eventually destroy the model on its way out of the closed system. A solution to this problem is to hard bake the model before using it or use fi lters that partially block the harmful wavelengths. None of these solutions are permanent, however. Th e only eff ective solution is to totally eliminate wavelengths close to the harmful spectral region, which could be quite expensive.
Stereo lithography is an eff ective way of making polymeric micromodels provided that they are not very small. Th is technique is eff ective in manufacturing integrated structures, but it becomes problematic when the dimensions become very small (micrometers). Moreover, stereo lithography is expensive because an integrated commercial system is needed to produce such models.
Soft lithography is an inexpensive and eff ective way of making polymeric micromodels. Th e major problem with these models, when it comes to fl ow studies, is that their wetting properties change with time. Aft er some time, the wetting phase may become the nonwetting phase. Also, care must be taken to ensure that the phases involved in two-phase fl ow experiments will not cause the material to swell or become deformed.
Hele-Shaw and glass-bead models are easy to make without spending too much time and money. Th ey are useful and simple; however, they have problems being visualized optically. Th e beads or spheres between the two glass plates limit visualization to only one side because they are three-dimensional objects. As such, measurements of saturation or the interfacial area will not be accurate enough and some assumptions regarding the symmetry of the menisci must be made.
All manufacturing methods requiring a mask are highly aff ected by the preciseness of the mask used to form the network on the material. If the mask is of low resolution, then the actual network will be of low resolution, too.
Various ways of visualizing events occurring in a micromodel include using a camera, combining a microscope and a camera, and laser-induced fl uorescence. Th e use of a microscope, with or without a camera, is a purely optical way of visualizing fl ow through the micromodels. Th e accuracy of measurement is highly dependent on the resolution of the recording apparatus, which is always lower than the diff raction limit. Laser-induced fl uorescence methods are more accurate. With their use, three-dimensional images can be reconstructed, which cannot be done with optical means. Th ese methods are restricted, however, in their acquisition time and their fi eld of view. Th us, they can be used only under static, or nearly static, conditions. In the case of front-light optical microscopy, the fl ow network can be formed in silicon and sealed with glass or another transparent material. Th is would introduce wettability issues, however, because the phases involved will experience the presence of two diff erent materials with diff erent wetting properties, something that is not desired. Evidently, deciding on the appropriate micromodel for a specifi c application is complicated.
Micromodels have been and will continue to be a very powerful tool to study fl ow and transport phenomena on the microscale. Further research is needed, however, to improve their properties, the existing techniques of manufacturing and visualization, as well as the development of new materials and techniques. For instance, one of the limiting factors in the use of micromodels in two-phase fl ow is the optical visualization of fl ow and the distribution of fl uids in three-dimensional micromodels. Th is is important in the sense that single-layered micromodels are considered to be quasi-twodimensional porous media. Th is raises some questions regarding their correspondence to real porous media. Th e improvement of etching methods so as to create channels that have a rectangular cross-section at depths >40 μm is also a challenge. Another important issue is the development of microsensors for measuring the local phase pressure within the fl ow network of a micromodel; this will be a major advantage in two-phase fl ow studies. Also, the development of new materials or the modifi cation of the existing ones is needed to meet certain experimental requirements. For example, for reliable and accurate experimental results, it is important to have micromodels with stable wetting properties. Finally, the ultimate goal would be to have the ability to produce cheap, easy-to-make micromodels that represent a real porous medium well and to be able to take measurements that can be trusted, independently of the nature of the model, in terms of their dimensions.
